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ABSTRACT 
            Multiple pathogens commonly infect a single host individual, and it is possible for microbial 
pathogens to interact within a host. These interactions can shape disease outcomes. The order in which 
distinct pathogens infect the same host can influence the overall outcome of the pathogens’ 
interactions on the amount of disease each pathogen causes. To determine how the arrival order of two 
pathogens on a shared host affect disease severity, tall fescue (Lolium arundinaceum) leaves were 
inoculated with Colletotrichum cereale and Rhizoctonia solani either simultaneously or sequentially both 
with detached leaves and whole host plants. It was hypothesized that a prior-arriving pathogen could 
influence the infection success of the second-arriving pathogen. On detached leaves, proportion leaf 
area diseased was measured daily, and, in the growth chamber, lesion lengths were measured daily. In 
the detached leaf assay, when R. solani arrived after infection by C. cereale, disease symptoms were 
more severe than when R. solani was inoculated simultaneously with C. cereale. In the growth chamber 
experiment, R. solani lesions were bigger when it was inoculated simultaneously with R. solani. 
Additionally, a survival analysis, a measure of host response to infection rather than pathogen response 
to infection, indicated that leaves inoculated with R. solani before C. cereale died more and died faster 
than in any other condition. These growth chamber results suggest that the order in which pathogens 
infect a host can determine disease outcomes, and the contrasting results from the detached leaf assay 
suggest the importance of using whole hosts to fully capture factors that can influence pathogen 
dynamics. The effect of arrival order on disease has implications for potential shifts in the relative timing 
of pathogen epidemics due to changing climate conditions.  
INTRODUCTION 
Disease has historically been studied in a one host-one pathogen framework, in which the only 
interactions studied are those between the host and a single pathogen. This traditional experimental 
approach of studying disease is insufficient to describe naturally-occurring disease dynamics because 
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multiple infections by distinct pathogens are common for hosts in nature (Barrett et al. 2009; Borer et al. 
2013). Considering the ubiquity of multiple infections, ongoing and future research into coinfections can 
provide new insights into the processes underlying disease because such a lens may capture more of the 
naturally occurring pathogenic interactions and their effects. If distinct pathogens interact within a host, 
one or multiple of those pathogens may experience changes in virulence, transmission, or load. As a 
result, coinfection can have impacts on host health. For example, Susi et al. 2015 observed that 
coinfection by distinct pathogen strains of Podosphaera plantaginis caused higher disease prevalence 
across host genotypes of Plantago lanceolata. They then proceeded to find that higher levels of 
coinfection can also lead to more devastating epidemics. 
When coinfecting pathogens interact within the same host, the interaction can range from 
mutualism, in which both pathogens benefit from the interaction, to competition, in which they 
antagonize each other (Syller 2011). Pathogens might interact via host resources, directly with each 
other, or through host immune responses (Pedersen and Fenton 2007). Directly, pathogens might 
encounter each other via chemical secretion or physical confrontation. An interaction might also be 
host-mediated, in which a pathogen has effects on the host’s resources or its immune system, which 
then affects another pathogen (Figure 1). 
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Fig. 1: Summary of some possible within-host interactions, with plus signs indicating mutualistic 
interactions and minus signs indicating competitive ones (modified from Tollenaere et al 2016). 
Pathogens can interact directly, through physical obstruction of space or secretion of chemicals. 
They can also indirectly interact through the host’s immune response in different ways that 
could benefit or disadvantage one or both pathogens. A third possibility, not shown here, is no 
interaction between coinfecting pathogens.  
Various biotic and abiotic conditions can shape the type of interaction that microbes experience 
within a host. Of particular interest here, the order in which multiple microbes enter a host is an 
important factor that might influence the outcome of an interaction. These arrival order-dependent 
results of an interaction, called “priority effects,” occur when the effect one species has on another is 
determined by the order in which they e (Fukami et al. 2005). Microbial communities have been 
experimentally shown to exhibit priority effects by Peay et al. 2011, in which microbial yeast species 
experienced strong suppression after arriving in a laboratory-simulated nectar environment after a first 
species had already established. This priority effect was driven in part by resource limitations, with more 
ecologically similar microbes competing more for the same resources (Peay et al. 2011).  
Priority effects might also apply to communities of pathogenic microbes within a host 
environment. Quite dramatically, Adame-Álvarez et al. found that the order of arrival of endophytes – 
microbes that live in a host without causing disease – relative to pathogens could alter not only the 
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magnitude but also the direction of the interaction (2014). Experimental pathogen Pseudomonas 
syringae was inoculated on lima bean plants in one of three ways relative to the endophytes – 
simultaneously with, before, or after the endophytes. The controls consisted of P. syringae inoculated 
on lima bean without the presence of endophytes. When the pathogens arrived after the endophytes or 
on the same day, the pathogenic infection was less severe than the controls, with a greater reduction 
for the sequential treatment. By contrast, when the pathogens arrived before the endophytes, the 
amount of disease caused was significantly higher. Thus, the order of arrival was shown to affect 
whether one microbe, the endophyte, would suppress or facilitate disease caused by the second 
microbe.  
Order of arrival on a host could affect pathogen interactions by creating priority effects, the 
mechanisms of which include both direct and host-mediated interactions (Figure 1). Prior arrival might 
provide an early-arriving species with more resources or allow it to alter the environment for the later-
arriving species. In this way, priority effects can influence the way a community assembles (Fukami et al. 
2005).  For example, pathogens can antagonize each other under low resource conditions (Lacroix et al. 
2014). A pathogen arriving first in a host might deplete resources, negatively affecting the success of the 
later-arriving pathogen. An early-arriving pathogen might also upregulate the host immune system, 
reducing the later-arriving pathogen’s ability to establish. Antagonism from an early-arriving pathogen 
on a later-arriving one was shown experimentally by de Roode et al. 2005, in which mice were 
inoculated with two genetically distinct clones of rodent malaria simultaneously, 3 days apart, or 11 
days apart. Clones experienced competitive suppression when they infected their host simultaneously 
with or after the other clone, but not when they infected first. Clones that arrived 11 days after the prior 
infection experienced stronger suppression than clones that arrived 3 days after. 
Positive interactions between pathogens can also take place within a host. An early-arriving 
pathogen might induce suppression of a host defense pathway, promoting disease severity from the 
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later-arriving pathogen. This has been shown experimentally in Arabidopsis with two pathogens that 
have different feeding strategies. Each lifestyle induces a different plant defense that suppresses the 
other, allowing facilitation of the late-arriving pathogen through increased host susceptibility Spoel et al 
(2007). In plants, the jasmonic acid (JA) pathway is activated for resistance against necrotrophic 
pathogens, which kill tissue prior to feeding on it. The salicylic acid (SA) pathway is activated in response 
to biotrophic pathogens. These pathways suppress each other via immune system “cross-talk” 
(Glazebrook 2005). Mutually suppressive defense pathways thus provide one example of host-mediated 
facilitation of one pathogen by another. In addition to coordinating immune pathways, plant defense 
also employs cell death in response to pathogens (Greenberg and Yao 2004). A hypersensitive response 
to pathogens that induces death can prevent a pathogen from establishing an infection or from 
spreading to neighboring cells (Greenberg et al. 2000). In this way, a biotrophic pathogen inducing death 
could facilitate resource acquisition of a necrotrophic pathogen.  
Here, I explore the effects of arrival order of two coinfecting pathogens on disease severity. 
Severity describes the amount of infection by a pathogen, often measured as proportion of a host 
diseased. I manipulated order of arrival of two fungal pathogens on a plant host. Specifically, the 
pathogens were inoculated in Lolium arundinaceum (tall fescue) either simultaneously or sequentially to 
understand the effects of arrival order on disease severity. Rhizoctonia solani and Colletotrichum cereale 
were chosen as the fungal pathogens to manipulate because they both infect tall fescue in the field in 
local populations and have overlapping epidemics. Additionally, the pathogens have different feeding 
strategies, which could potentially induce different mutually suppressive defense pathways. It was 
hypothesized that the first-arriving pathogen would experience greater immune suppression from the 
host, and the second-arriving pathogen would be able to cause more severe disease. However, it was 
recognized that early arrival could also allow a pathogen to secure more resources early in its infection, 
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giving it a competitive advantage over a second-arriving distinct pathogen. This study begins to address 
unanswered questions about the role of arrival order in influencing disease outcomes and host health.  
METHODS 
STUDY SYSTEM 
This experiment focused on the interactions between two fungal pathogens within tall fescue. 
Plants provide a tractable system for studies of disease outcomes as determined by within-host 
microbial interactions because their infections can straightforwardly and ethically be manipulated 
experimentally. In particular, tall fescue can serve as a model for studying how pathogens interact within 
hosts because yearly surveys in a local field site at Duke Forest show annual overlapping epidemics of 
pathogens including Rhizoctonia solani and Colletotrichum cereale (Mitchell Lab unpublished data). Both 
pathogens also have well-studied feeding strategies and this also makes them an ideal system for 
studying the effects of one on disease caused by the other.  
The two pathogens used in this study are Rhizoctonia solani and Colletotrichum cereale. R. solani 
is a generalist necrotrophic pathogen affecting crops such as soybean and potato (Zhang et al. 2016). In 
tall fescue, it creates distinctively edged lesions (Figure 2). This experiment examined the effects of 
coinfection in different arrival orders on R. solani lesion size. C. cereale, a hemibiotroph, has both a 
biotrophic stage and a necrotrophic phase. In the initial biotrophic phase, the pathogen feeds on live 
host tissues and is symptomless. When it switches to its necrotrophic phase after a few days, the 
pathogen starts to kill the host tissue as it takes in nutrients and it begins causing disease symptoms on 
its host, including chlorosis and necrosis (Figure 2). C. cereale affects various turfgrasses, causing the 
disease anthracnose (Beirn and Crouch 2014). The strain of R. solani used for inoculation in the 
experiment was collected in July 2015 and the strain of C. cereale was collected in September 2015. 
Both were isolated off of tall fescue from Widener Farm, an old field on the edge of Duke Forest.  
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Fig. 2 – Examples of lesions caused by C. cereale and R. solani from left to right (Fletcher 
Halliday). C. cereale can cause chlorosis, or loss of chlorophyll resulting in leaf yellowing, and 
necrosis, cell death, once it enters its necrotrophic phase. Prior to this, its infection is 
symptomless. R. solani infections produce lesions of dead tissue with distinctive brown edges.  
EXPERIMENTAL SETUP 
The effects of order of arrival on pathogen disease severity were examined through inoculation 
experiments, first in a detached leaf assay, and then in a growth chamber experiment with whole plants. 
For both experiments, tall fescue plants were grown in pots in the UNC Chapel Hill greenhouse starting 
on 1 August 2016 with seed from University of Kentucky. They were first germinated on vermiculite. The 
greenhouse operates on a 12-hour day/12-hour night cycle with temperature controlled at 23-28C. They 
were grown in Fafard 3B soil and watered as needed at least three times a week.  
Detached Leaf Assay 
Twenty-four plants were grown for this experiment, with two leaves inoculated from each. 
Sections of each leaf were rinsed with sterile water and cut to fit on Petri plates containing water agar 
(10 g of plain agar for every 500 mL of deionized water). Kinetin, a plant hormone, was added to the 
water agar (5 mg) to delay senescence of the leaf segments.  Two leaf sections from the same plant 
were placed side by side on each plate and inoculated in one of five treatments: (1) R. solani inoculation 
alone (2) C. cereale inoculation alone (3) simultaneous inoculation of C. cereale and R. solani (4) 
sequential inoculation of C. cereale first and R. solani second and (5) mock inoculation with plain potato 
dextrose agar (PDA) as a method control (described further in Table 1). Inoculations at all time points 
took place in a biosafety cabinet. Inoculations were done using fungal hyphae of each species grown on 
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PDA, on the first day of the experiment for all the C. cereale and for R. solani in the simultaneous 
inoculation treatment, and on day 6 for R. solani in the sequential arrival treatment (Figure 3). Circular 
PDA plugs 0.6 cm in diameter were cut from the leading edge of each culture and placed on one of the 
ends of the leaf sections. The experiment ran from 20 September 2016 to 29 September 2016.  
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Table 1 – Description of treatments for detached leaf assay experiments, including timeline of 
inoculations. C. cereale was inoculated on host leaves on 20 September 2016 for the 
simultaneous, sequential, and C. cereale only treatments. R. solani in its single inoculation 
treatment and the negative control agar plugs were inoculated on the same date. In the 
sequential arrival treatment, R. solani was inoculated on 26 September 2016 (Day 6). 
Timeline of Treatment Description 
 
Single inoculation 
with R. solani 
 
Single inoculation 
with C. cereale 
 
Simultaneous 
inoculation of 
both pathogens 
 
Prior inoculation 
with C. cereale 
followed by 
inoculation with 
R. solani once 
symptoms of C. 
cereale infection 
appeared 
 
Mock inoculation 
with blank PDA 
plugs 
For the sequential treatment, R. solani was inoculated on each leaf in the treatment on the day 
that the majority of leaves displayed symptoms of C. cereale infection. Symptoms of C. cereale indicated 
that it had entered its necrotrophic phase. This occurred 6 days after inoculation. Twenty leaves total 
were inoculated for each of the experimental treatments and eight leaves total were used in the 
method control treatment. Inoculations were done using fungal hyphae of each species grown on PDA. 
Circular PDA plugs 0.6 cm in diameter were cut from the leading edge of each culture and placed on one 
of the ends of the leaf sections in the plate (Figure 4). The plates were sealed and left at room 
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temperature. Observations were made daily of the disease caused by each pathogen. For R. solani, 
lesions of dead tissue were observed. For C. cereale, chlorosis symptoms were observed.   
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C. cereale Only  
 
R. solani Only 
 
Sequential Inoculations 
 
Simultaneous Inoculations  
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Fig. 3 – Schematic of detached leaf assay experimental treatments and their change over time: 
a) C. cereale only b) R. solani only c) R. solani sequentially inoculated after C. cereale produced 
chlorosis symptoms (“Seq”) and d) R. solani and C. cereale simultaneously inoculated (“Sim”). 
Cartoons of their disease symptoms, leaf chlorosis for C. cereale and brown-edged lesions for R. 
solani, are shown.  
Relative area diseased was quantified for leaf segment for each day of the experiment by 
measuring the area of disease symptoms and dividing that value by the total area of the leaf segment. 
ImageJ was used to analyze photos and determine leaf area diseased and total leaf area (Rasband 1997-
2016). 
(a)  (b)  (c)  
Fig. 4 – Example of detached leaf assay results at three time points. Sample A19 was part of the 
sequential inoculation treatment. These three photos show disease symptoms of C. cereale on 
(a) day 2 (b) day 6 and (c) day 9 of the experiment. On Day 2, symptoms have not yet emerged 
of C. cereale infection. On day 6, R. solani has just been inoculated after visible chlorosis 
emerged. On the last day of the experiment, both chlorosis from C. cereale and lesions from R. 
solani are visible.  
Growth Chamber Experiment 
60 germinated seeds were put in pots in the greenhouse starting 1 August 2016. They were 
transferred from the greenhouse to growth chambers on 27 October 2016 to acclimate for a day prior to 
inoculation. The growth chambers were set to a 12-hour day/12-hour night cycle with temperature 
maintained at 28 degrees during the day and 25 degrees during the night. Humidifiers were used during 
the day cycle – when the lights could indirectly cause evaporation via the A/C running – to maintain 
relative humidity consistently at approximately 90%. Inoculations were performed on 28 October 2016 
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with 0.6 cm PDA plugs of the leading edge of fungal cultures. Aluminum foil was used to support the leaf 
bearing the PDA plug weight. Wet cotton was added to keep the site of infection humid, and the foil 
support was wrapped in Parafilm to maintain moisture. Plants were placed in racks on the top or bottom 
shelf in one of two growth chambers (Figure 5). Plants in each treatment were divided as evenly as 
possible between chambers and shelves. Location within each shelf was haphazardly chosen and re-
shuffled regularly over the course of the experiment. Plants were bottom watered using cups. Disease 
symptoms were monitored and measured on each leaf daily for 24 days (Figure 6). The results presented 
will consider lesion length unless otherwise stated. 
Two leaves per plant were inoculated in one of six treatments: (1) R. solani alone without 
coinfection (2) C. cereale alone without coinfection (3) simultaneous inoculation of both pathogens (4) 
sequential inoculation of C. cereale first and R. solani after C. cereale disease symptoms were visible (5) 
sequential inoculation of R. solani first and C. cereale second after R. solani disease symptoms were 
visible and (6) mock inoculation with blank PDA plugs (described further in Table 2). Two leaves were 
inoculated per plant, for a total of 20 leaves observed per treatment.  
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Fig. 5 – Photo of the growth chamber setup at the start of the experiment. Two growth 
chambers were used, with lights and a humidifier for each shelf. Cups of water designated to 
each plant were used over the experiment to prevent cross-contamination.   
(a) (b)  (c)  
Fig. 6  - Examples of growth chamber inoculated leaves once symptoms were visible. From left 
to right, the examples shown are from (a) an R. solani first/C. cereale second (“Rs1Cc2”) 
inoculated leaf (b) an R. solani only (“Rs only”) inoculated leaf and (c) a simultaneously 
inoculated treatment (“Rs1Cc1”). Lesions of dead tissue are a symptom of R. solani infection, 
and lesion length along the leaf was used as a measure of lesion size. Chlorosis, or leaf 
yellowing, along with necrosis, cell death, are symptoms of C. cereale infection.  
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Table 2 – Summary of treatments applied in growth chamber experiments, including their 
identifier codes used in results figures, descriptions, and days of inoculation for each pathogen 
in each treatment. On 28 October 2016, the first round of inoculations took place (those with an 
inoculation day of 0). On 1 November 2016, C. cereale was inoculated onto leaves in the R. 
solani first/C. cereale second (“Rs1Cc2”) treatment because leaves had begun displaying 
symptoms of disease, four days after inoculation. On 9 November 2016, once leaves in the C. 
cereale first/R. solani second (“Rs2Cc1”) treatment had begun displaying symptoms of disease 
caused by C. cereale, 12 days after inoculation, R. solani was inoculated. Because second-
arriving pathogens were inoculated once the first-arriving pathogen showed symptoms of 
infection, R. solani and C. cereale were inoculated at different times in their late-arriving 
treatments. 
Timeline of Treatment Description 
 
Single inoculation 
with R. solani 
 
Single inoculation 
with C. cereale 
 
Prior inoculation 
with R. solani 
followed by 
inoculation with 
C. cereale once 
symptoms of R. 
solani infection 
appeared  
 
Prior inoculation 
with C. cereale 
followed by 
inoculation with 
R. solani once 
symptoms of C. 
cereale infection 
appeared 
 
 
Simultaneous 
inoculation of 
both pathogens 
 
Mock inoculation 
with blank PDA 
plugs 
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STATISTICAL ANALYSES 
The statistical methods employed were nearly identical for both the detached leaf assay and the 
growth chamber experiment. The outcome analyzed from the detached leaves was relative area 
diseased. For the whole plants, data took the form of lesion length. All data was analyzed in R version 
3.3.2 (R Core Team 2016).  
The amounts of disease on the last day of each experiment were compared by the arrival order 
treatment. The longitudinal models of disease progression over time were also compared by arrival 
order treatment. They were forced to pass through the origin – biologically, no disease symptoms would 
have occurred at inoculation – but the data from zero days after inoculation (DAI) were excluded.  
The area under the disease progress steps (AUDPS) was then determined for each infection type 
on each leaf using the agricolae package in R (Mendiburu 2016). This function calculates disease 
progress by estimating the area under the disease progress curve using polygon steps from daily 
measurement to daily measurement of disease severity over time (Simko and Piepho 2011). Such a 
measure can elucidate important information about total disease. For example, two pathogens that 
cause the same amount of disease severity at the start and end of an observation period might have 
different values for AUDPS if one pathogen causes high disease severity earlier in the observation 
period.  
Linear models were also undertaken as measures of disease progression.  
Detached leaf assay model specifications:  
Fixed Effects: Relative Area Diseased ~ DAI + DAI:Arrival Order + Arrival Order  
  Random Effects: Due to sample size limitations, random effects were not included 
 
Growth chamber experiment model specifications: 
  Fixed Effects: Lesion Length ~ DAI + DAI:Arrival Order + Arrival Order  
  Random Effects: Plant ID + Chamber/Shelf 
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For the growth chamber experiment, I performed a survival analysis to determine how leaf 
survival varies with inoculation sequence. For this, I utilized Kaplan-Meier estimates and Cox 
proportional hazards models (Therneau and Grambsch 2000; Rondeau et al. 2012). The Kaplan-Meier 
survival model estimates survival curves based on how many individual leaves die in each arrival order 
treatment and when they die throughout the length of the experiment, yielding useful descriptions of 
survival for each treatment for comparison. A Cox proportional hazards model quantifies the 
instantaneous risk that a leaf will die at time t given that the leaf survived to time t. It yields the percent 
increase or decrease in risk of death by treatment relative to a control. This allows analysis of a 
inoculation sequence as a risk factor on survival.  
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RESULTS 
Detached Leaf Assay 
Data for the detached leaf assay took the form of proportion leaf area diseased (disease 
severity) for each leaf segment over time. The results presented explore the effects on R. solani disease 
severity of arrival order – either without, simultaneous with, or after C. cereale infection. Thus, the C. 
cereale-only treatment is excluded. Arrival order was experimentally manipulated via inoculation; here, 
inoculation order is referred to as arrival order. The negative controls confirmed that there was no 
disease caused in the absence of the two pathogens, so results exclude them. Because the leaf segments 
remained viable for study for 9 days after first inoculation and R. solani in the sequential treatment was 
inoculated on day 6 of the experiment, the first three days after R. solani inoculation are considered in 
each treatment in order to compare the same amount of data across experimental groups. Treatments 
were compared in three ways: 1) total damage 3 days after infection, 2) slopes of longitudinal models of 
disease severity over time, and 3) areas under the disease progress stairs (AUDPS).  
At a single point in time on the last day of the experiment, three days after inoculation, R. solani 
caused significantly less disease symptoms when it arrived simultaneously with C. cereale versus when it 
arrived after C. cereale had established first (Student’s T-Test, p = 0.0446; see Table 3). 
Table 3 – Mean proportion leaf area diseased and standard errors for each treatment group in 
the detached leaf assay. Measurements are from three days after inoculation for each 
treatment group; this is day 9 of the experiment for R. solani in the sequential treatment and 
day 3 for the simultaneous and control groups.  
Treatment Mean Standard Error 
Simultaneous 0.101 0.0180 
Sequential (R. solani second) 0.172 0.0294 
R. solani-only Control 0.116 0.0293 
The area under the disease progress steps was also considered. R. solani differed in its AUDPS 
between the three treatment groups (ANOVA, p = 0.0373; see Figure 6) and between the sequential and 
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simultaneous coinfection treatment groups (Student’s T-Test, p = 0.0140). R. solani had an overall 
greater AUDPS when it arrived sequentially after C. cereale versus simultaneously with C. cereale or on 
its own without coinfection. The area under the disease progress steps is calculated by summing the 
areas of trapezoidal steps of disease severity between time measurements.   
 
Fig. 6 Change in relative area diseased over time for individuals in the detached leaf assay (left). 
Each line represents the data over four days of the experiment for one leaf. In the sequential 
group, when R. solani was inoculated after C. cereale, and the simultaneous group, when both 
pathogens were inoculated concurrently, there were 24 individuals each. For the control group, 
when R. solani was inoculated alone, there were 4 individuals. On the right, box-and-whisker 
plots show AUDPS for each arrival order treatment group in the detached leaf assay overlaid on 
violin plots, which show density of observations along the AUDPS axis. When R. solani arrived 
after C. cereale, its overall disease it caused was significantly greater than when R. solani arrived 
simultaneously with C. cereale. These two arrival order treatments and the third of R. solani 
arriving alone all differed significantly from each other in their AUDPS.  
Over time, simultaneously inoculated R. solani, sequentially inoculated R. solani, and R. solani 
alone groups significantly differed in their disease progression analyzed by linear models of leaf area 
damaged over time (see Figure 7). The days after infection significantly predicted disease over time 
(ANOVA, p = 2.11e-10). There was no interactive effect of arrival order with days after inoculation 
(ANOVA, p = 0.300). In other words, the rate of change in leaf area damaged was not mediated by arrival 
order, but arrival order determined overall differences in disease progression. Even though the slopes 
over the three days do not significantly differ, the absolute damages caused over time differ, which 
indicates that initial establishment of disease may determine overall outcomes.  
Arrival 
Order 
Days after Rs Inoculation 
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Fig. 7 Longitudinal models of disease progression over time from the detached leaf assay, 
separated by arrival order treatment. The figure shows increase in proportion area diseased 
over time for R. solani when it was inoculated alone (“Control”), simultaneously with C. cereale 
(“Simultaneous”), and when C. cereale had already established (“Sequential”). Data from 0 DAI, 
when the area diseased is zero, was excluded from the linear model. 
Growth Chamber Experiment 
Results presented here examine the effects of arrival order on R. solani disease severity for two 
leaves on each plant. Lesion length was measured over the course of twelve days after R. solani 
inoculation to determine the effects of arrival order relative to C. cereale on disease severity. The 
treatments examined include R. solani inoculated alone (“rs”), R. solani inoculated simultaneously with 
C. cereale (“rs1cc1”), R. solani inoculated before C. cereale (“rs1cc2”), and R. solani inoculated after C. 
cereale (“rs2cc1”). Leaves in the C. cereale-only treatment (“cc”) never displayed R. solani lesions, so 
data from that treatment has been excluded. The negative controls confirmed that no disease 
  
Arrival Order 
Days after Rs Inoculation 
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symptoms appeared without R. solani or C. cereale inoculation, so this treatment is also excluded. The 
experiment ran for 24 days, and the R. solani-second (“rs2cc1”) treatment was inoculated with R. solani 
on day 12 of the experiment. In order to compare the same amount of data across groups, only the first 
12 days after R. solani inoculation are considered for each treatment.  
For a “snapshot” in time, the mean disease symptoms were compared 12 days after inoculation, 
the last day of data for the R. solani-second treatment (Table 4). These did not differ for lesion length 
(ANOVA, p = 0.169). Without the R. solani-only control, there was still more variation within the three 
treatment groups that involve coinfection than between groups for length (ANOVA, p = 0.291).  
Table 4 – Summary of means and standard errors for disease severity measured 12 days after 
inoculation with R. solani in each group of the growth chamber experiment. This is day 12 for all 
treatments except “Rs2Cc1,” when R. solani arrived after C. cereale establishment, for which it is 
day 24. Means and standard errors for lesion length are expressed in centimeters.  
Treatment Mean (cm) Standard Error (cm) 
Rs1Cc1 3.657 0.720 
Rs1Cc2 2.675 0.661 
Rs2Cc1 2.146 0.271 
Rs only 1.680 0.427 
AUDPS was also calculated for the lesion lengths on each leaf. AUDPS did not differ between R. 
solani treatment groups (ANOVA, p = 0.121; see figure 8), nor for the subset of treatment groups that 
involved coinfection (ANOVA, p = 0.570). For each individual leaf, an AUDPS value was calculated by the 
area under the graph of lesion length over time for each step between time points. 
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Fig. 8 – Change in lesion length over time for individual leaves in the growth chamber 
experiment (left). Each line represents the disease data over thirteen days of the experiment for 
a single leaf. In each arrival order group, there were twenty individuals. On the right, box-and-
whisker plots show AUDPS results for each treatment in the growth chamber experiment 
overlaid on top of violin plots, which show density of observations along the AUDPS axis. There 
was no effect seen of arrival order treatment on AUDPS.   
Longitudinally, the growth of lesion lengths over time was examined through linear models 
(Figure 9). There was no effect of arrival order (ANOVA, p = 0.1506) and there was a highly significant 
effect of the days after infection (ANOVA, p < 0.0001) on lesion length over time. There was also an 
interactive effect between arrival order and DAI (ANOVA, p = 0.0008). This implies that the intercepts of 
the models were the same but the slopes were different, indicating that the rate of change of disease 
severity over time differed according to arrival order. 
Arrival 
Order 
Days after Rs Inoculation 
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Fig. 9 – Linear models of lesion growth over time in the growth chamber experiment, divided by 
arrival order. The simultaneously inoculated treatment (“rs1cc1”) produced more disease over 
time than any other treatment, and R. solani inoculated alone (“rs”) produced the least. The 
graphs showing the lesion length over time of the sequential inoculations, with R. solani arriving 
either first or second relative to C. cereale, overlap in the first two days after infection.  
In addition to the three analyses performed for the detached leaf assay, a survival analysis was 
also undertaken for the growth chamber experiment to determine whether the number of leaves that 
died and the timing of their deaths differed between treatment groups (Figure 10). There was a highly 
significant difference in leaf survival by treatment group (Kaplan-Meier estimate, p = 1.88e-05). The 
proportional hazard of leaf death was 3.025 times higher for the treatment in which R. solani arrived 
first compared to when R. solani was inoculated alone without a second pathogen (Cox Proportional 
Hazards, p = 0.033). There was no statistically significant proportional hazard of leaf death for R. solani 
arriving second or simultaneously with C. cereale relative to R. solani alone. 
Arrival Order 
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Fig. 10 – percentage survival in the growth chamber experiment of the three coinfection 
treatment groups – R. solani first (“Rs1Cc2”), R. solani second (“Rs2Cc1”), and R. solani 
simultaneously with C. cereale (“Rs1Cc1”) – compared to the R. solani-only treatment group 
(“Rs”) over time. The solid lines indicate the Cox proportional hazards model estimations of 
survival, while the dotted lines show empirical data on survival, as Kaplan-Meier survival analysis 
uses. 
 
DISCUSSION 
 The goal of this experiment was to examine the effects of order of arrival of pathogens on 
overall disease severity on a plant host. Specifically, I examine R. solani lesions in tall fescue hosts under 
different order of arrival conditions with a second pathogen, C. cereale. The detached leaf assay results 
indicate that order of arrival of pathogens does affect overall severity. R. solani gained a competitive 
advantage when it arrived after C. cereale had already established and caused larger lesions than when 
Arrival Order 
Analysis Type 
Days after Rs Inoculation 
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it infected alone. This was shown in several measures of disease, including the mean amount of disease 
caused by R. solani by the last day of the experiment, with the overall area under the disease progress 
steps – an integration of disease over time, and with linear models over time. This suggests that prior 
infection by C. cereale facilitates R. solani infection. In linear models, an effect of arrival order was seen, 
indicating differences in overall disease severity over time. However, no interactive effect was seen of 
arrival order with DAI, which indicates that the slopes of disease over time were not significantly 
different. This result points to the possibility of initial disease severity determining disease outcomes. If 
the slopes do not differ significantly over the course of days, overall disease difference might be 
determined at a finer time resolution, perhaps in the first few hours after inoculation. The detached leaf 
assay showed that R. solani lesions were larger when C. cereale was inoculated first. If this did not hold 
under the opposite condition – R. solani first and C. cereale second – this would be evidence for priority 
effects determining R. solani disease severity. The desire to test this motivated the growth chamber 
experiment that followed the detached leaf assay. 
In the growth chamber experiment, an effect of arrival order was not seen in determining lesion 
length on the last day of the experiment, nor was an effect seen in overall disease measured through 
AUDPS. An effect was seen in linear models. In the model, the simultaneously inoculated group of leaves 
(“rs1cc1”) showed the greatest disease progression over the days of the experiment. Additionally, there 
was an interactive effect of arrival order with time, measured in days after inoculation, suggesting that 
disease proceeded at different rates for R. solani depending on when it arrived on its host. The R. solani 
first and C. cereale second treatment (“rs1cc2”) had a significantly higher proportional hazard of leaf 
death than R. solani alone.  
 The results from the two experiments show contrasting effects of arrival order. In the detached 
leaf assay, R. solani was able to cause more disease when it arrived after C. cereale had established 
versus when it arrived alone. The growth chamber experiment, however, showed that R. solani caused 
Simha 27 
 
the most disease when it arrived simultaneously with C. cereale. One confounding factor is the addition 
of kinetin in the detached leaf assay. Though leaf segments cannot “live” or “die” since they are 
detached from the whole living plant, their senescence was specifically delayed using this plant 
hormone. The presence of kinetin might have affected results, which were based on measurements of 
disease severity through lesions of dead cells. Additionally, unlike in the growth chamber experiment, 
the mechanism for the detached leaf assay results could not involve a whole host response because the 
leaves were detached from whole plants. This fact might explain some of the differences between the 
two experiments. Because this part of the experiment did not take place in whole plants, it is unlikely 
that this effect was mediated by the same defense responses a whole plant would undergo. Instead, 
other mechanisms can be considered 
Other mechanisms do not involve whole host responses but could be possible both in detached 
leaves and in planta. For example, C. cereale might have directly facilitated R. solani’s colonization 
success by increasing host susceptibility (Telfer et al. 2010), or the presence of a competitor might have 
resulted in an increase in R. solani virulence (Bell et al. 2006). However, these do not explain the 
contrasting results between the detached leaf assay and growth chamber experiment. Additionally, I 
could not include a treatment in which R. solani was inoculated prior to C. cereale in the detached leaf 
assay because R. solani infection is much quicker and more devastating that C. cereale might not have 
been able to establish at all. For this reason, I cannot determine from our results whether R. solani 
might have shown different patterns in the detached leaf assay in a treatment in which it arrived on a 
leaf segment before C. cereale.  
The contradicting results between the detached leaf assay and growth chamber experiment also 
point to the importance of experiments with whole hosts as opposed to detached host organs or 
confrontation assays between two microbes on plated on media together. Disease ecology research that 
does not involve in vivo experiments can overlook key factors that might influence microbial 
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interactions. Detached leaf assays can be useful and informative but, for future work, it should be 
recognized that they may not provide a complete story when host-mediated interactions between 
microbes have a large effect.  
 Between the detached leaf assay results and growth chamber results, contrasting results can be 
explained by the presence of kinetin in the detached leaf assay. Within the growth chamber 
experimental analyses, contrasting results still need to be explained. On the last day of the experiment, 
there were not significant differences in lesion lengths between R. solani symptoms from different 
arrival orders. Longitudinal models suggested that, over time, R. solani had the greatest disease severity 
when inoculated simultaneously with C. cereale, and that rate of increase in disease severity caused by 
R. solani was also greatest when inoculated simultaneously. Yet, a survival analysis indicated that leaves 
had a higher proportional hazard of death when R. solani arrived before C. cereale versus when R. solani 
was inoculated alone, and no other arrival order treatment showed that same result. Still, though these 
two results seem inconsistent, they can be explained and reconciled since disease severity is a measure 
of pathogen growth within a host, while survival is a measure of host response. It is possible that arrival 
order would have different effects on a pathogen versus on a host. 
 Hypotheses about the growth chamber experiment centered on the effects of arrival order on 
pathogens. Results from the lesions on host plants indicated that R. solani was able to cause the longest 
lesions when it arrived simultaneously with C. cereale. The survival analyses, however, asked questions 
about the effects of arrival order of two pathogens on host response to infections. The only coinfection 
scenario that produced a higher proportional hazard of leaf death than R. solani infecting alone was 
when R. solani arrived first before C. cereale. This arrival order treatment with the most extreme host 
response is different than the arrival order treatment that caused the greatest pathogen response, but 
this difference is not necessarily inconsistent. Prior infection might limit the growth or replication of a 
pathogen while inducing greater immune system response, for example. In other words, the scenario in 
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which one of multiple pathogens causes the most severe disease is not necessarily the same as the 
scenario with the most extreme host response.  
One possible explanation for the contrasting host effects and pathogen effects to different 
arrival orders of coinfection is the different immune pathways induced by biotrophic and necrotrophic 
pathogens. In plants, the salicylic acid pathway is induced as a response to pathogens that feed on live 
host tissue, and the jasmonic acid pathway is induced in response to pathogens that kill tissue in order 
to feed. It is thought that the salicylic acid pathway induces host leaf death when responding to an 
invading pathogen and the jasmonic acid pathway suppresses it (Brodersen et al. 2005). It is possible 
that a defense response resulting in increased programmed cell death was induced, but further work 
would be needed to confirm differences in cell death since salicylic acid concentrations were not 
measured. An added complexity is that C. cereale is a hemibiotroph, meaning that it proceeds from an 
initial biotrophic phase to a necrotrophic phase over the course of its infection. It is difficult to say when 
this switch occurs completely, since it might not occur all at once.  
R. solani disease severity was greatest in the growth chamber experiment under simultaneous 
arrival of R. solani and C. cereale. This condition of R. solani might have selected for greater virulence to 
outcompete C. cereale, causing its disease severity to increase (Alizon 2013). Simultaneous arrival of the 
pathogens might have produced the greatest disease severity due to immune pathway differences, as 
well. If the salicylic acid pathway was initially induced to combat C. cereale infection, which begins in a 
biotrophic phase, this might have been coupled with salicylic acid-induced programmed cell death 
defense response. Programmed cell death as a defense response to C. cereale would make R. solani 
disease severity, measured through lesions of dead leaf tissue, appear bigger. In this case, the greater 
disease severity seen in simultaneous arrival of the two pathogens would be confounded by a limitation 
of the measurement. 
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This study began to explore the effects that the order of arrival of coinfecting pathogens might 
have on disease caused by those pathogens. More research is needed on the influence of arrival order 
on pathogen dynamics, especially in the context of potential climate change-induced effects on 
infectious disease epidemics. Pathogens with seasonal epidemics might experience phenological shifts 
at the population level due to changing environmental cues such as ambient temperature and humidity 
(Stephens et al. 2013). Because of climate change-induced shifts, addressing the effects of order of 
arrival on disease symptoms is potentially becoming increasingly important. Understanding how order 
of arrival affects pathogens’ interactions with the host and within the host is a baseline first step for 
understanding how changing phenologies disrupt those interactive effects. In the field, the epidemics of 
R. solani and C. cereale begin at different times but still overlap temporally (Figure 11, Mitchell Lab 
unpublished data), allowing for potential variation in their orders of arrival on individuals. The 
experiments described here thus test effects of this potential variation that likely occurs frequently in 
nature. 
 
Fig. 11: Mean time of first occurrence of pathogens on host leaves. Points represent the average 
first survey date in which at least 1% of leaves surveyed in 2014 and plots in 2015 showed 
infection by the parasite. The epidemics of the two pathogens overlap in the field, but this data 
shows that they begin at different times. Surveys took place at Widener Farm from March 
through October 2014 and May through October 2015 (Halliday, O’Keeffe unpublished data). 
The bars show earliest and latest first observance of the pathogens (figure modified from 
Fletcher Halliday). 
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The need for a “yardstick” for measuring the extent to which a species’ timed life events should 
shift to match the timing changes in optimal environmental conditions has been proposed by Visser and 
Both in 2005. They describe changing phenologies from bird breeding time to bivalve spawning time. 
However, their review focused on a single interaction in each case with a species and its food source, 
and they stress that the “‘single critical activity—single selection agent’ scenario is highly unlikely” 
(Visser and Both 2005). The microbiome of a host often consists of more than two species that can 
range in their relationships with the host from parasitism to mutualism. Future research should take into 
account the assemblage of more than two pathogens on a host and further, consider the roles that 
defensive mutualists, like endophytes in plants, might play.  
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